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RESEARCH AND CRYSTAL GROWTH ON HIGH DIELECTRIC CONSTANT
MATERIALS FOR MILLIMETER WAVE APPLICATIONS

!t / Abstract

The primary objective of this program was the growth of high quality
single crystals for evaluation as potential candidates for electro-optic
phase shifters in millimeter-wave applications. The research program was
initially conceived as two parallel efforts. The first involved the applica-
tion of new crystal growth techniques to the growth of strontium—barium
titanate solid solutions. These materials are promising for the above appli-
cations but have been difficult to grow in the form of high quality single
crystals., The second part of this program involved a study of some newly
discovered ferroelectric materials; the ternarv heavy metal fluorides and the
niobates and tantalates of scandium. During the first year, it was decided

that this latter effort should become the main focus of the progranm. 4<=:___

Several types of crystal growth techniques were employed during this
program including the Bridgman, top-seeded flux, and laser-heated pedestal
growth methods. During the course of this investigation, crvstals of ScTaOy,
ScNbO,, SrAlFs, Pb3Al,Fi o (PbAlFg), BaTiOj, and SryBa|_4TiO3 solid solu-
tions were grown. The ScTaOQ, crystals grown in this program were of a
previously undiscovered high temperature tetragonal phase, High quality
BaTiO3 crystals in the metastable, high temperature hexagonal phase were also
produced. Large crystals of SrAlFs were grown by the Bridgman method, but
the material lacks a high dielectric constant at mm wave frequencies and
studies on this material were not pursued. More promising materials in the
PbFy-AlFq and PbF)-GaF3 svstems became the focus of our attention during the
later part of this program. A large crystal of PbjAlsF|2 was grown and some
of its properties measured. Some crvstals of this material contained optical
inhomogeneities, and the resulting microstructure mav have been due to the

presence of secondary phases or oxygen contamination. Thermodynami: studies,

synthesis and purification techniques, and crvstal Jrowth of compositinng in

the PbF)-AlFq system are described.
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. RESEARCH AND CRYSTAL GROWTH ON HIGH DIELECTRIC CONSTANT MATERIALS
FOR MILLIMETER WAVE APPLICATIONS

This research program, initially for three-years beginning in March
1982, was continued through to September 1986 with the use of no-cost
extensions and a small amount of additional financial support for one

graduate student.

A. Objectives

|

I. GENERAL INTRODUCTION
|

*

’ The primary objective of this program was the growth of high quality

l single crystals for evaluation as potential candidates for mm wave applica-
tions. This research program was initially conceived as two parallel
efforts. The first, which was discontinued after the first year, involved

the application of new crystal growth techniques to the growth of strontium-

= " A C_F F € ¢

barium titanate solid solutions, traditionally difficult to grow as high

quality single crystals. The second effort involved a study of two newly

discovered classes of materials; the ternary heavy metal fluorides and the

LAY

niobates and tantalates of scandium.

B. Background

In recent years there has been increased interest in electrically

-t

b e R

controlled phase shifters in the near-millimeter spectral region for radar

and communications applications., Lower frequency phase shifters such as the
ferrites or loaded waveguide structures either become lossy or have power
handling problems at increasing frequencies. Phase shifters using the
electro-optic effect in bulk crystals are commonly used in visible wave-
lengths and have speeds limited onlv by circuit conditions. They have a

number of features which make them attractive in the near-millimeter spectral

region as well.,
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The phase shift for a transverse electro-optic modulator is given (1] by

T = E%-g ndr

where L = crystal length, V = applied voltage, D = electrode spacing, n =
microwave refraction index, and r = the electro-optic coefficient. A figure

of merit can be expressed as

R = n3r

For optimum performance, one desires a crystalline material with high values
of the microwave index of refraction and electro-optic coefficients., It has
also been shown [2,3] that crystals with high microwave electro-optic coeffi-
cients are those with the highest values of linear dielectric susceptibility,
which in low loss materials means those materials with large values of the
low frequency dielectric constant. In preliminary calculations, Klein [1]
has shown that the strong ferroelectrics such as BaTiO3, LiNbOj, etc., appear
to be the most promising materials. Solid solutions of strontium—barium
titanate are particularly interesting because, depending on composition, the
Curie temperature can be varied from below room temperature to 130°C; and it
is at temperatures near the Curie point where one obtains verv large values

for the dielectric constants,

While this program was on-going, the Chinese [4] reported on a new high
dielectric constant material, ScTaO;. Using our unique laser-heated pedestal
growth technology, which is based on the float-zone method, we grew single
crystals of ScTa0, from a pure melt (for the first time) and discovered a new
high temperature phase. We also grew, by this nmethod, crystals of SeNbo,
(never grown before), the high temperature hexagonal phase of BaTing and

solid solutions in the SryBa;_4Ti0O3 system.

Although oxides comprise by far the largest fraction of xnown ferronelec-
trics, several new classes of materials have recently appeired which mav have
potential in dielectric applications and which present challenging materials
problems., These include the ferroelectric fluorides of the tvne ABF5 and
A3BoF)2 (A = Sr, Ba, Pb; B = Al, Ga, In) which were found t» be particularly
interesting because the exact nature of their ferroelectric hehavior is not

well understood, and also because thev mav have verv useful properties for a
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variety of device applications. SrAlFs5 and SrGaFs, for example, are
currently important candidate materials for tunable high power solid-state
laser applications, and some of the family members have potentially useful

properties for mm wave applications.

Interest in fluoride ferroelectrics developed when the ferroelectric
behavior of certain compounds in the SrAlFg family was reported [5,6]. While
very few fluorides have definitely been established to be ferroelectric, such
as LiNjHgBeF, [7], the evidence supporting the claim that some members of the
SrAlFs family are polar and undergo a phase transition is fairly strong.
Measurements on these materials, however, were made on polycrystalline
samples and definite proof of this ferroelectric behavior is still lacking.
In our program we studied two of these ferroelectric fluorides; SrAlFg, for
which a successful growth technique was developed and some preliminary prop-
erty measurements made on the single crystal samples produced, and compounds
in the PbFy~AlF3 system, which may have even more interesting dielectric
properties. In this latter study we encountered a controversy surrounding
the existence of two of the reported compounds, PbAlF5 and PbjAlpFip. Part
of this controversy concerned the question of oxygen and Hy0 contamination.

High quality, pure crystals would help resolve this question,

We thought it appropriate after about a year into this program to
redirect most of our research effort to an investigation on the growth of
very pure, high quality single crystals of several of the tetragonal ternary
fluoride compounds, in particular those in the PbF,-AlF3 and PbF,-GaFj sys-
tems and attempt to firmly establish that these materials are truly ferro-
electric. Single crystals will permit a careful comparison between experi-
ment and theory and hopefully will help in the development of a real under-
standing of fluoride ferroelectrics. 1In addition to single crystal growth
and property measurements, it was found necessary to devote considerable
effort to the purification of the starting materials used for growth (removal
of oxide impurites being especially important) handling procedures for these

materials and producing accurate PbF;-AlFy and PbF,-GaFy phase diagrams.

Finally, we planned to make an assessment of the suitability of

compounds in the SrAlFg family for device applications. Difficulties in

4t

St

J

o

.!

PR = M g 2 S



B s S e '?f'

the growth and characterization phases, however, have delaved this part of

the program.

II. OXIDE FERROELECTRICS

A. Barium Titanate-Strontium Titanate Solid Solutions

1. Introduction
BaTi03-SrTi03 solid solutions possess large values of dielectric per-

mittivity and a Curie temperature which can be varied from below room tempera-
ture to 135°C [8]. High quality (homogeneous) crystals of these solid solu-
tions are difficult to grow because of high temperatures involved, chemical
reactivity, and segregation behavior. The BaTi03-SrTiO3 phase diagram (9] is
shown in fig. 1. While this system exhibits complete solid solubility, melts
can be crystallized without segregation only at the minimum melting composi-
tion (1585°C). 1If a melt containing a greater concentration of SrTi0j3 is
crystallized, for example at 20% SrTi03, the composition of the solid formed
on cooling, as indicated by point A in fig. 1, will be richer in SrTiO3 than
the melt from which it grows (32% SrTiO3 in this illustration). As a result,
the melt becomes slightly depleted in SrTi0g and the next material to crystal-
lize does so from a melt containing excess BaTiO3. For this reason the
crystal and melt both change composition as indicated by the arrows on the
liquidus and solidus curves in fig. 1. This phenomenon gives rise to crystals

with inhomogenous compositions.

Crystals of BaTi0O3, SrTiO3, and their solid solutions are usually grown
from solutions containing excess TiO;. This lowers growth temperatures to
convenient levels, and in the case of BaTi0q below the high temperature
hexagonal-cubic phase transformation temperature. Solution growth processes
lead to slow growth rates and difficulty in controlling nucleation. For
Baj_4SryTi0q traditional Czochralski and bulk float-zone techniques have
been tried, but not with outstanding success [10]. Growth of Baj_,StryTing
crystals from TiOp-rich solutions also produced graded compositions, and in

addition, interface breakdown and second phase inclusions were conmnon.

Melt stirring in solution growth improves interface stability by helping

to bring nutrient to the growth interface. The accelerated crucible rotation

-5-
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technique (ACRT) [11] and a new stirring method being studied in our labora-
tory known as coupled vibrational stirring [12] were developed for stirring
melts during high temperature growth processes where other methods are
unsuitable, It was the original intention of this part of the program to
apply these techniques to the growth of homogeneous solid solutions of

Baj_xSrTiO3.

Two approaches were used to grow BaTiO3 and Baj.xSryTiO3 solid solu-
tions. One involved the growth of small diameter crystals using our unique
laser-heated pedestal growth (LHPG) technology [13] (a variation of the
float—-zone process). This technique has been applied to a wide variety of
materials and is ideal for growing solid solutions of uniform composition.

In pedestal growth, a source rod of the composition desired (take for example
the 20% SrTiO3 composition as discussed earlier) is continuously added to the
melt as growth proceeds. When the melt composition reaches point B (fig. 1),
which will be about 12% SrTiO3, the composition of the material crystallizing
from this melt will be 20% SrTiO3, the desired composition. Since we are now
continuously adding material to the melt of the same composition that is
being pulled from it, a steady-state condition is reached. Under these
circumstances the melt composition remains at a constant value of 12%

S§iTi03. A number of congruently and incongruently melting oxides have
already been grown in high-quality single-crystal form by the LHPG method
including LiNbOj and Yttrium Iron Garnet (YIG) which is incongruently
melting. Materials which are incongruently melting or which must be grown
from solution for other reasons (phase transformations, high vapor pressure,
etc,) are somewhat more difficult to grow due to mass transport and melt

stability problems.

A second technique studied for the growth of the oxide ferroelectrics
described above was the top-seeded version of the flux growth method. This
method had been developed for the growth of cm-sized BaTiOq crystals using
excess Ti0) as the flux [l14]. The top-seeded solution growth technique, like

other solution growth methods, requires very slow growth rates. It was our

idea to apply melt stirring techniques in order to increase growth rates and

»
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also to improve the uniformity of the Ba;_,SryTiOj crystals grown by this
method. While this was one of the original goals of the program, it became
clear it was too ambitious an undertaking given the limited resources avail-
able, We therefore abandoned this effort early on in favor of the LHPG
growth of the ferroelectric oxides discussed above and growth of the ferro-

electric fluorides.

2. Single Crystal Growth by the LHPG Method

A schematic of the laser-heated pedestal growth method is illustrated in
fig. 2. This new, unique crystal growth technology was found [13] to be a
very powerful tool for preparing small diameter single crystals for physical
property evaluation, 1Its desirable features for this application include: 1)
ease of operation, 2) fast growth rates, 3) large quantities of material are

not needed, and 4) no crucibles or furnaces are required.

Source rods of the materials to be grown were fabricated into bars 1-2
m square from hot-pressed or cold-pressed and sintered polycrystalline cera-
mics made in our laboratory. The top of this source rod was melted with a 50
watt COp laser and the crystal, usually with a diameter between 0.5 -2 mn
was pulled from this molten zone as shown in fig. 2b. Growth rates of 0.1 to
1 mm/min are typically used depending on whether a pure melt or solution was

used. More detailed informatinn in the LHPG method is given in [15].

The first LHPG growth experiments in this program were carried out with
pure BaTiOj3. When grown by this method from pure stoichiometric melts, the
small diameter BaTi0Oq crystals did not, as will larger crystals grown by
other methods, wundergo the destructive hexagonal to cubic phase transfor-
mation. Instead the high temperature hexagonal structure persisted to room
temperature, One of these crystals is shown in fig. 3. The rapid growth
rates and steep axial temperature gradients used in the LHPG growth of small
diameter crystals are much higher than most bulk growth methods, and
etfectively leads to quenching in of the high temperature phase, The low
temperature ferroelectric phase of BaTiny was also grown using laser-heated

pedestal growth together with a TiOp-rich solution. This solution, as

mentioned previouslv, lowers the solidification temperature to below the
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Fig. 2: Schematic illustration of the laser-heated
pedestal growth method [131,

Fig. 3: Single crystal of hexagonal BaTi0y 2rown
by the LHPG method from pure melt.
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transformation temperature. One fiber grown by this technique is shown in

fig. 4. Fiber crystals of Sr_j5Ba_75TiO3 and Sr_g5Ba gTiO3 are shown g
in fig. 5. They were grown from nominally pure melts (i.e. no excess TiOj).

The Sr _sBa gTi03 fibers, while single crystals, contained light scatter-

ing centers, the cause of which was not investigated.

Due to the difficulty involved in making dielectric measurements on
these small diameter samples, and also the shift in emphasis of the program,

these fibers were not evaluated.
3. Top-Seeded Flux Growth

Attempts were made to grow BaTiO3 crystals using the top-seeded growth
method and a TiOp-rich melt. A platinum crucible was located inside a well-
insulated specially built SiC element furnace as shown in fig. 6. The
rotating seed crystal was cooled by air blown down the rod holding it. The
BaO-Ti0, phase diagram [16] is shown in fig. 7. In order to obtain pure
BaTiO3 in the cubic phase, a solution containing about 65 mole % TiQy 1is
needed. Crystallization from this melt composition starts at about 1500°C.

As the solution is cooled the melt becomes richer in TiO, and the melt compo- !

sition approaches the eutectic composition where two solid phases crystallize 3
from the solution., 1If the growth rates are too fast,the composition at the
interface can prematurely reach the eutectic composition and inclusions and
other defects can form. After considerable modifications to the furnace,
large grained polycrystalline boules of BaTiO3 and Srjy,jpBag,ggTiO3 (as

shown in fig. 8) were obtained from this apparatus. Unfortunately, since the
growth temperatures are around 1500°C, a large amount of insulation was
required to keep the SiC elements from overheating, This led to very low
radial thermal gradients and, thus, ditficulty in controlling the crystal
diameter and solid-liquid interface shape. The resulting crystals were not
of high quality due to these poor growth counditions. Had this phase of the ‘
program continued, the furnace would have been rebuilt using MoSi, elements X
which can withstand higher temperatures than SiC, thus permitting steeper

gradients.




Fig. 4: Solution-grown single crystal of low temperature phase
of BaTi03 using excess Ti0y in molten zone (mm scale). )
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Fig. 5: Single crystals of Sr_jsgBa_ 75Tiog (left) and Sr _gBa 5Ting
(right) grown from pure melt. ,
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Fig. 6: SiC furnace built for top—seeded solution
growth of BaTi03~SrTi03 solid solutions.
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Using RF induction heating and a modified Czochralski furnace, several
single crystal boules of Sry,Ba;_,Ti03 large enough for property measure-
ments were grown. Some samples fabricated for evaluation are shown in fig.
9. They contained a few defects, probably inclusions of Ti0O9. Again, since
the program was redirected at this point, none of the above crystals were

actually evaluated.

B. Scandium Tantalate and Niobate

1. Introduction

Scandium orthotantalate ScTaO;, as mentioned earlier, was recently
reported by Zhong, et al. [4] to be a ferroelectric material with a Curie
temperature of 7°C and a peak relative permittivity z of around 7300. These
properties make it of interest for application in devices operating at room

temperature and which require a high value of ¢.

The stable phase of ScTa0; is monoclinic with the wolframite structure,
space group P2/c and lattice constants a = 4.807 &, b = 5,662 i, ¢ =
5.112 4, and B8 = 91°37' [17]. 1Its melting point has been reported as
2340°C [18] so that single crystal growth from the melt would be difficult by
conventional techniques. Zhong et al. [4] grew 1 mm size crystals by the
flux method and we have confirmed that slow cooling a solution of ScTa0, in
the PbO/PbFy/B203 flux they used yields small, transparent crystals of the

appropriate phase.

The laser-heated pedestal growth (LHPG) method is particularily suited
to the growth of high melting oxides such as ScTa0,, since they can be melted
relatively easily by a COp laser beam and a crucible for the melt is not
required. Since scandium compounds are currently very expensive because of
their scarcity and their recent demand for use in crystalline and vitreous
laser host applications, the small quantities of material needed for these

experiments was a significant advantage.
2. Synthesis and Growth

In this program, ScTa0, was synthesized from equimolar quantities of
powdered Sc203 and Tay05 by reactive hot pressing. The samples were mixed by

agitation in isopropanol, dried and pressed using an Astro hot-pressing
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furnace with graphite dies lined with boron nitride. Samples of about 90% of
theoretical density (6.92 g cm'3) were prepared by pressing for 4 h at 1350°C
under 6000 psi pressure. X-ray diffraction analysis of these samples showed
traces of unreacted Taj0s5, so heating for 12 h at 1200°C in oxvgen was used
to complete the reaction. The resulting samples were white, and x-ray
diffraction analysis showed only the wolframite structure with lattice

constants in agreement with ref. [17].

Single crystal were grown using a laser heater power of 20 W, and at
pull rates of 0.5 - 1.0 mm/min. Bubbling in the molten zone was often
observed and was attributed either to the presence of carbon from the
hot-pressing furnace or to porosity of the source material. Since this
bubbling made it difficult to grow a crystal of constant diameter, a 2-stage
process was developed. In the first stage, a crystal was grown from the
hot-pressed source material. This crystal was then used as the source rod
and regrown to produce a high quality crystal of constant diameter. The melt
was quite stable in the second stage, and optically clear, transparent
crystals were produced as in the example shown in fig. 10. It was confirmed
by optical pyrometry that the melting point of ScTa0,; is about 2300°C, and

that this compound appears to melt congruently.

When the single crystals grown by this method were ground and analyzed
by x-ray powder diffraction techniques, they were found to have the
tetragonal zircon structure rather than the room temperature wolframite
phase. Cooling of the small diameter crystals to room temperature is fairly
rapid in the laser-heated pedestal method, so metastable phase formation is

not uncommon.

To verify that the zircon structure of ScTa0, is a metastable phase,
sections of single crystals were heated to various temperatures, then cooled
and again analyzed by x-ray diffraction, The temperature for the tetragonal

monoclinic transition was found to be in the range 1400-1600°C,

Tetragonal ScTa0, (space group [4/amd) has not been reported previously

but the structure {s analogous to ScVO, which is also known to bhe ferroelec-

tric {19]. Powder x-ray diffraction data for the tetragonal ScTa0; are
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Fig. 10: Single crystal fiber of tetragonal ScTa0; grown
by the laser-heated pedestal growth method.

Fig. 11: Typical result of experiments aimed at fiber
growth of ScNb0,. Instability of the melt leads
to diameter variations and polycrystallinity.
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reported in table l. The lattice parameters are a = 6731 ¥ 0.014 i and
c = 6.409 ¥ 0.020 A. The theoretical density, 6.63 g cm™3, is about 4%

less than that of the wolframite phase.

Attempts were also made to grow crystals of the analogous compound
ScNbO, by the same method. Scandium orthoniobate also has the monoclinic
wolframite structure [20] with a = 4,807 A, b = 5,453 &, c = 5.094 3],
and 8 = 91°37'. ScNbO, was prepared by hot-pressing mixtures of Scp03 with
NboOg, but cold-pressing of the powders followed by reaction sintering was
found to be preferable for complete reaction. Small crystals grown by the
LHPG method were found to retain the wolframite structure, but ScNbQ, appears
to melt incongruently as suggested by Vladimirova et.al [18]. Incongruently
melting compounds can be crystallized by LHPG if the growth rate is reduced,
but in the case of ScNbQ, the melts were very unstable making controlled
growth difficult. Unlike ScTa0O4, unstable melts were observed even during

the second stage of the 2-stage processing.

Fig. 11 shows the result of a typical attempt to grow a ScNbO; crystal.
The initial regiom, on the right of the photograph, is monocrystalline and
relatively clear., As growth proceeded, it was difficult to control the fiber
diameter, and eventually the crystal froze onto the source rod (a previously
grown crystal), part of which can be seen at the extreme left (dark region).
The resulting polycrystallinity and rapid cooling led to cracking. The
section of source rod attached to the crystal shows the typical diameter
variations found in material grown during the first stage from “ot-pressed

starting material.

Several attempts were also made to grow crystals of ScNbo, bv the flux
nethod. The literature suggests that rare earth niobate crystals can be
grown from PbO/PbFy {21], PbFy [22], and Bi»03/Bo03 [21] fluxes. In every
case, however, we found that slow cooling from similar compositions yielded
complex oxide crystals having a defect fluorite structure and containing Pb
or Bi respectively, in addition to Sc and Nb. Some alternative novel flux,

such as ScF3, might be necessary to grow crystals of ScNboy.
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TABLE 1

X-ray diffraction data for tetragonal ScTaO,

d(A) /1 hkl
3.333 15 020
3.129 75 002
2.605 15 112
2.365 7 220
2.074 10 301
1.919 100 222
1.754 15 132
1.741 5 123
1.670 3 040
1.601 10 004
1.498 15 240
1.410 50 233
1.370 5 242
1.214 3 152
1.187 5 440
1.151 2 044
1.109 4 442
1.083 10 352
1.063 3 260
1.045 3 116
1.021 4 154
0.995 3 361
0.959 45 444
-18-
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III. FERROELECTRIC FLUORIDES

A. Introduction

For electro-optic applications, octahedrally coordinated ferroelectric
oxide compounds are well suited and widely used. In comparison with the
enormous number of ferroelectric oxides that have been discovered and studied
{23], only a handful of structurally analogous halides have been discovered.
Although most IR fluorides have low indices of refraction, true ferroelectric
fluorides would be expected to have significantly higher values, particularly

those which have Curie temperatures not too far above room temperature.

A new class of true ferroelectric fluorides was discovered by Professor
Hagennuller's group at the University of Bordeaux, France [5]. So far this
group has identified nine compounds from the AIIBIIIFS group which appear
to be true ferroelectrics: SrAlFs, SrGaFs, SrCrFs, BaTiFs, BaVFy, BaFeFs,
PbAlFs, PbGaFs, and EuAlFg. The phase transition temperatures are reported
to be a function of the A** and B*™** jonic radii. For SrAlFg it is reported
to be 685°K.

We originally proposed to select several promising candidates from this
group such as BaTiFg, PbAlFg and PbGaFg, study their phase equilibria, and
synthesize them in single crystal form for property evalution. If the
results were promising, we planned to look at the formation of solid solu-
tions as a way of tailoring the nmaterial properties. Ternarv fluorides
containing binary phases which are volatile and have a large density differ-
ence, such as AlF3 and PbF, for example, are nontrivial to grow in single

crystal form for reasons explained later.
l. Theory of Ferroelectricity in Fluorides

Soft modes depend strongly on anion polarizabilityvy [23]. More than 987
of ferroelectric and antiferroelectric substances are chalcogenides, mainly
oxides as mentioned previously. A linear chain model may bhe used to describe
the lattice vibrations in terms of cation and anion nasses and coupling
constants (see, for example, ref. 23) but we have not seen these nodels
applied to explain dispersion curves of transverse acoustic and ferroelactric

modes in fluorides.
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The polarizability of 02~ has been described by Watson [24] who intro-

duced an electrostatic model in which the *2 charge on surrounding cations is
uniformly distributed over a sphere. The depth of the potential well is put
equal to the Madelung potential at the 02- site and this defines the Watson
radius Ry, which is proportional to the lattice constant. The dependence

of the polarizability ¢ on R is found to be qualitatively different for n2-
and F~ [23] even though these are iso—-electronic ions (see fig. 12). 1In the
limit Ry » », the polarizability of F- is found to reach the free ion

value, whereas that of 02- diverges. In some oxides, e.g. perovskites, the
oxygen ion exhibits a strongly anisotropic charge distribution whch leads to

enhancement of the volume dependence of aN.

Ferroelectricity has been established in the BaMF, family of compounds
when M = Mg, Co, Ni, and Zn [25]. Good single crystals were available for
these studies. The reversal of polarity in these materials has been explain-
ed (26] by a model in which four fluorine ions lying on a mirror plane pass-
ing through the M atom rotate by 1.1 A about M and displace the BaZ* ion by
0.67 A along the polar axis relative to the M positions. The absence of a
ferroelectric transition when M is Mn or Fe was explained on the basis that
rather large changes in M-M and M-F distances would be required for this
switching to occur. Fairly detailed structural data is available on these
materials. The BaMF, materials are classified as two-dimensional ferroelec-

trics.
2. The Alkaline Earth - Group [II Fluorides

As mentioned above, the SrAlFg family of materials was investigated by
Ravez et al. [5,6]. SrAl¥g is tetragonal, space 3group 4 with unit cell
dimensions a = 14.04 3 and ¢ = 7.17 A, The arrangement of atoms is shown
in fig. 13; chains of corner-sharing AlFq octahedra alternate with parallel
chains of corner-sharing octahedra that simultaneouslv share corners with
single octahedra {7]. The spontaneous polarization was estimated fron two

simple atomic models to be 48 x 10~ Zcm™2 and 9 x 10" 2¢nm™2 respectively,

Measurements were made on polycrystalline discs fired in sealed gold

tubes under nitrogen at 1025 K [5]. A single crvstal was available only of

-20-

4

‘-'i‘



20

Fig.

I JERT T SCT TEX

12:

Ry [Al

Polarizabilities of F~ and 02~ ions as
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Fig. 13: Arrangement of two kinds of octahedral chains in SralfF, (7].
The figure shows half the unit cell, the remaining half being
obtained by a translation of % and %. The spheres are Srl+,
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SrAlFs itself and colorless crystals up to 2.5 mm in size were cut from
boules Zrown by the vertical Bridgman method and various experimental tests
for ferroelectricity performed [6]. Second harmonic generation was demon-
strated on polycrystalline material, with an efficiency close to that of
quartz. The piezoelectric d33 coefficient was measured on crystal samples by
applying a static stress on (00l) surfaces and measuring the charge gener-
ated. The maximum value was d33 = 0.3 x 10“12CN"1, and there was a distribu-
tion of values attributed to a variable domain structure. Attempts at poling
the materials at room temperature with fields up to 1.3 kVmm~! were unsuc-

cessful. A specific heat maximum was observed at 695°K. The temperature

> w e o

dependence of the dielectric constant, ¢, was measured on polycrystalline

discs and found to exhibit a maximum of 22 at about 715°K, at 1 KH,. Ionic <
conduction was suspected at the higher temperatures. Reversal of the spon-

taneous polarization was not demonstrated in any sample. .

In addition to SrAlFs, ceramic samples of SrCrFs, SrGaFs, BaTiFs, BaVFs,
BaFeFs, PbAlFs, PbGaFg, and EuAlFg were also prepared {5]. Anomalies in the

dielectric constant behavior with temperature were generally observed. The

dielectric constant of PbAlFg had a peak value around 5000. Curie tempera-
ture, T., for these compounds were in the range from 495°K to 715°K. The
value of T, was the same (585 * 10°K) for PbAlFs and PbGaFg, but no

attempt was made to explain the range of values in terms of bonding para-

mneters.

In 1969, Shore and Wanklyn [27] studied the PbF,-AlF3 phase diagram and o
found only one phase, Ph3Al,F|», not the PbAlF5 phase reported above. They
found Pb3Al,;F|; to have a space group of I4/m with lattice constants of
a = 14.23 A, ¢ = 7.20 A and space group I4/m. Recently Abrahams et al.
[28] reported on the ferroelectric behavior of related Pb compounds of the

type PbyMpF 9 (M = Fe, Ga, Ti, V).

Samples of PbyM,F ) were prepared br Abrahams et al.[28] by reacting
PbF> and MF3 in a sealed gold tube after intimate mixing. Values of dqy were
measured bv a laser {illumination method and larze specific heat anonalies

were observed by diftferential scanning calorimetrv. T. values ranged fron
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550°K for Pb3CryF)o to 740°K for PbjFepFjj3. Large peaks in the dielectric .
constant versus temperature plots were observed at similar temperatures
(560°K for the Cr compound and 725°K for the Fe). Maximum values of ¢ were y
from 200 - 300. As in the case of SrAlFg and other materials with the 1-1-5 u
stoichiometry, a convincing demonstration of ferroelectricity by reversal of
the spontaneous polarization was not achieved since suitable, high purity

single crystals were not available. ]
3. Purification

Purity is of extreme importance in ferroelectrics since property mea- :
surements in the neighborhood of ferroelectric phase transitions are very J
sensitive to impurities and to crystal defects. As an example of the impor-
tance attached to crystal perfection in some laboratories, the group of K.
A. Muller at the IBM Zurich Research Laboratory spent over 10 years in
attempting to prepare very pure and perfect crystals of GdAlO3 and SrTiOj3.
The crystal growth effort led to improvements in the flame fusion technique
[29] and to a very major advance in flux growth—the accelerated crucible
rotation technique [30]. Crystals of GdAlOj up to 120 g in weight were
eventually grown by the flux method, with dislocation densities below 10

em~2,

» e v v e

Our own experience with crystal growth from melts in the PbF,/AlF;

system as described later in this report has emphasized the need for purifi-

Ul R LR

cation of the starting materials. Fluorides are prone to hydrolysis, leading

to contamination by oxide, hydroxide and oxyfluoride impurities which are
often very difficult to remove. The open structure of AlFj allows water
molecules to enter readily, forming hydrates from which water can be removed
only with difficulty. When heated, some loss of HF and formation of Al,03
occurs, especially if the hydrate is heated rapidly above 300°C. Attempts to
prepare anhydrous AlF3 usually depended on heating the oxide in HF, but the

reaction

ALy03 + 6HF » 2ALF3 + 3H,0 ;

usually does not proceed completelv,

v
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Rolin [31] has described a procedure for purification of AlF3 by vacuum
sublimation. The trihydrate was first dehydrated by slow heating up to
400°C, with the sublimation being effected by rf heating of the sample in a
graphite crucible. The temperature was raised to 1200°C and the 250 g charge
collected by condensation on the graphite wall at about 900°C. The distilled
AlFq prepared in this way still contained about 0.1% of Al,03.

A method for purification of oxygen—-contaminated fluorides was described
by Warshaw and Jackson {32]. This was based on the passage of HF in an argon
carrier gas over the molten fluoride. In the example of LaFj, 0.5 wtf of
PbFy was added to the prereacted charge to compensate for surface moisture
absorption., However, as Chernevskaya and Korneva [33] have pointed out,
gaseous HF is not the optimum fluorinating gas because of thermodynamic
considerations [34] and because of its corrosive nature. They introduced
tetrafluorethylene directly inside the crucible containing a CaFy charge and

obtained crystals of high transparency.

Zone melting is an alternative procedure which may be successfully
applied to fluoride purification in some cases. The application to KCl was
reviewed by Warren [35], who claimed that impurity levels could be reduced
below 10 ppb. Results with LiF and some other fluorides were not that

successful.

Pastor and Arita [36] have stressed the importance of a reactive gzZas
atmosphere during the crystal growth of halides. Thev grew alkali halide
crystals with high transmission coefficients but commented that H4F is the
least effective agent among the hydrogen halide zases. 1In a later study [37]
they used mixtures of CF4 with HF, which caused further improvements ia opt-
ical transparency compared with HF alone. Next {33], they compared CF, with
CoF4 for their effectiveness in removing oxides and moisture from fluorides.,
The CyF, was produced by depolymerization of teflon (CyF,),, and optiaun
temperatures for this depolvmerization reactinn were determined. In the
final paper of this series [39], SFq, CF,, and B8F; were compared as Zas-phase
reactants for the crystal zrowth of alkaline earth fluorides. All three are

corrosive to carbon, Transmission curves were conpared for 3rF-» crvstals
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grown under these 3 atmospheres and the BF3 was found to give the best

results,

4, Fluoride Crystal Growth

i N

As mentioned in the previocus section, the crystal growth of metal fluor-
ides requires some specialized techniques which prevent the formation of
oxides and oxyfluorides. Some materials of course are more problematic than
others. Many methods have been used to grow a variety of binary and ternary

[ fluorides successfully including flux growth from slowly-cooled melts, some

i -

[ containing ammonium fluoride, in platinum containers with tightly-fitting

lids [40], vertical Bridgman growth in platinum containers sealed under dry

argon [41]), vertical Bridgman growth in graphite crucibles after heat-treat- 9

ment in reactive atmospheres containing gaseous HF, CF,, CyF, from decompos-

ing teflon, SFg, and BF3 [36-39], horizontal Bridgman, zone melting, and

Czochralski growth of crystals pulled under atmospheres containing HF and F,

[41,42]. Because the lead aluminum fluoride phase we were trying to grow

™

melts and probably vaporizes incongruently, a modified vertical Bridgman
growth technique seemed the most appropriate method for the growth of large

crystals because of the small surface to volume ratios involved. It was the

2 P 0 R BN

| only method used in this program except for some brief attempts at zone

melting.

B. Results and Discussioan

e 5 8

1. Synthesis and Growth of SraAlFg

o,

When SrF; and AlF3 powders are mixed together and heated, the AlFy

evaporates strongly at temperatures well below the melting point of either 0
constituent. We found it necessary to synthesize the SrAlF5 by

co-precipitating the constituents as a very fine, intimate mixture. 1In the
method we used, aluminum nitrate was vacuum dried, weighed and dissolved in
DI water. This solution was mixed with an equimolar solution of stroatium :
nitrate, and 48% hvdrofluoric acid solution was added to precipitate the v
fluorides from a stirred solution. The precipitate was dried in air at 80°C !

for about fifteen hours and was then heated in a flowing hvdrogen fluoride/

argon stream at 950°C for two hours to remove traces of moisture., The weigzht

loss during this heat treatment was typically 3%.
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SrAlFs was successfully grown using our pre-existing fluoride growth
equipment. These crystals were grown by the vertical Bridgman method in
graphite crucibles with a conical bottom and a 1" long capillary section
where nucleation and growth was initiated. The lowering rate during growth
was normally 1 mm/hr and the mole fraction of excess aluminum fluoride in the
starting melt composition was varied from 10% to 25%. Many of the crystals
which were grown were very clear throughout most of their volume, although
milky, white regions were sometimes observed in the last few mm. The major
problem was cracking, as illustrated in the photograph in fig. l4, which
prevented the growth of clear crystals several em3 in size. The largest
crack-free specimens from & 40g charges were about 3-5 g in weight.

Polished crystals were very clear in transmitted light although the surfaces
were etched quite rapidly by atmospheric attack. Boules had a preference for
growth along the c-axis although major variations occurred from one run to

another.

The largest crystal grown to date (about 11x5x5 mm [see fig. 15]), was
sent to Dr. M. Klein at Hughes Research laboratories for measurement at mn
wave frequencies (96 MHz). The dielectric constant was found to be about 9,
a little lower than the reported DC value [6], but the losses were relatively
low. The maximum value of the relative permittivity quoted by Abrahams et.
al [6] was 23, for an unspecified orientation. The low loss and the appar-
ently weak frequency dependence of the dielectric constant were considered

important advantages which may also apply to similar materials.
2. The PbF,-AlFq System

a. Previous Work
PbAlFg was reported to have a DC permittivity of 4800 at its
ferroelectric transition temperature of 312°C [6], much higher than that of
SrAlFs. The phase relationships in the PbFy—-AlF3 system wers studied by two
groups [27,43] and their conclusions are in major disagreement. Ravez and
Dumora [43] report the existence of three intermediate phases: Pbal,Fg,
PbAlF5, and PbgAljpFj4. All three were found by sintering powders in sealed

gold tubes at temperatures below their melting or decomposition temperatures,
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Fig. 14: SrAlFs boule grown by the Bridgman method (inch -
scale). The boule is single crystal but cracked. ;
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Fig. 15: Single crystal of SrAlFs cut from larger boule 3,
(#16) (inch scale). X
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which were reported to be 614, 618, and 560°C respectively. PbAlFg was
reported to have a tetragonal structure (space group I4C) with a = 14.19 and
c = 7.280 A, and with a density of 5.91 g/cc. The existence of a compound
with this stoichiometry however, was refuted by the work of Shore & Wanklyn
[27]. They performed experiments in which melts of various PbFy-AlF3 compo-
sitions were slow-cooled from the liquid phase. The only intermediate
compound they found was Pb3jAlyF;, which is tetragonal (space group I14/m), has
a density of 6.47 g/cc, and lattice constants of a = 14.23, and c = 7.20

A. Clearly the Pb3AloF| 7 phase of [27] 1is closely related to the PbAlFg of
[43]. Both structures belong to ferroelectric classes and either or both

could be of interest.

An analysis of these two research efforts suggested that different
purity and processing conditions may have led to the conflicting results.
Kinetic factors may also be very important. Shore & Wanklyn's relatively
fast cooling rates were quite different from Ravez et. al's long term (near
equilibrium) annealing experiments and the former's results may be consistent
with metastable conditions. It was one of the goals of this program to
resolve this question as well as to prepare high quality crystals of the
appropriate phase or phases so that the ferroelectric properties could be
accurately measured. Our approach involved: a) careful purification of the
starting material, b) controlled synthesis and phase equilibria analysis, c¢)
the growth of cm size high quality single crystal samples, and d) characteri-
zation of physical and chemical properties of these crystals including their
ferroelectric properties. Much progress has been made in this area as will

be discussed later.

The type of phase diagram expected from the Ravez and Dumora data is
shown in fig. 16 while a very different phase diagram was proposed by Shore
and Wanklyn (fig. 17) based on DTA data. Our own preliminary DTA results are
consistent with the phase diagram shown by Shore and Wanklwvn, although we
have found evidence for the PbgAljyFj, phase reported by Ravez. We have also
found some preliminary evidence for the existence of the PbAlFg phase in long

term annealing experiments at temperatures below h14°C in sealed tubes, but
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Fig. 16: Phase diagram of PbF3~AlF3 system constructed from
data of Ravez and Dumova [43]
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in crystal growth experiments where non-equilibrium conditions may exist, the
Pb3Al)F|» phase seems to predominate. X-ray diffraction and electron micro-
probe analysis have not yet given conclusive results but at the present time
the existence of the Ph3AlyFj) phase seems likely, at least under certain
(normal) solidification conditions. It is still planned to verify the

existence of the PbAlFg phase conclusively in future studies.

A careful comparison between the BaFeFs5 and Sr3FejF|) structures, which
would be analogous to the structures of PbAlF5 and Pb3AlpF|, respectively,
was presented by Ravez et al. [44]. Both structures are tetragonal and
contain a similar framework of interlocking iron fluoride octahedra, the
lattice constants being related by the ratios: aSr3Fe2F12 = \ 2aBaFeFsg,
and CS‘3F32F12 = 2cBaFeFg. For PbAlF5 or Pb3AlysFyo aluminum fluoride
octahedra would provide the structural framework. Projections of the BaFeFs
and SrqFesFj9 structures on the Xy plane are shown in fig. 18a. Here one can
see the close similarity of the two structures. These consist of chains made
up of FeFg octahedra and the simple rearrangement of the divalent ions and
corner—-shared octahedra necessary for conversion between the two, is shown in
fig. 18b. Since these structures are so similar, discrimination between the
two is difficult on the basis of x-ray powder diffraction data alone. In
systems such as PbFy-GaF3, BaF)-TiF3, BaF;-VG3y, and BaFjp-FeF3, phases of both

stoichiometries have been found.
b, Synthesis and Purification

One cannot coprecipitate lead fluoride with aluminum fluoride from the
nitrates as we did for strontium aluminum fluoride, since lead nitrate
precipitates from HF solutions instead of forming the fluorides. It was
necessarv, therefore, to svnthesize aluminum and lead fluoride powders
directly by fusion under hvdrogen fluoride. Both PbF» and AlF3 have substan-
tial vapor pressures at the temperatures required for reaction, so changes in
stoichiometry will occur during reaction or crvstal zrowth under a flowing
atnosphere. Another complication is that nass spectrographic analvsis of

lead fluoride evaporation [45] indicates that incongruent vaporization occurs
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Fig. 18(a): Projections of the BaFeFs5 an Sr3FepF|y structure

on the xy plane.
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Fig. 18(b): Mode of conversion from BaFeFg to Sr3Fe»sF))
structure type.




in an inert environment. This agrees with our experience thus far, having
found in various stages of synthesis and crystal growth the presence of
metallic lead. Some of the lead formed nay also have been due to contamina~

tion problems.

The free lead formation, besides indicating a detrimental change in melt
composition which complicates the growth of high quality inclusion-free
crystals, also represents a more practical problem; the forming of low—
melting alloys with most metals. Generally, fluorides at elevated tempera-
tures are contained in graphite or platinum, since other materials will be
severely attacked. Platinum-lead alloy formation will destroy the integrity
of the synthesis and growth containers, so until free Pb formation is

completely eliminated, the only safe containers are graphite.

The Pb inclusions led us to make rather extensive thermodynamic calcula-
tions in order to determine the probable reactions which can take place
between the fluoride starting materials and their impurities, the gaseous
atmosphere used, and the furnace components, in particular the graphite reac-
tion tube. The ratio of the water vapor pressure to the HF pressure deter-
mines whether the fluorides will be converted to oxides or hydroxides, or
vice versa. The ratio of the hydrogen pressure to the HF pressure will
determine whether the fluorides are reduced to their metallic elements or
not. The thermodynamic calculations also indicated that aluminum fluoride
is much less likely to be reduced and much more likely to be oxidized than
the lead fluoride.

There are several mechanisms by which metallic Pb can be produced

including water vapor contamination and incongruent volatilization processes.

The most likely source of contamination is water, Aluminum fluoride is
hydroscopic and will hold water tenaciously. Water can also be released from
the furnace walls, particularly {f the furnace tube is made from porous
graphite which has not been vacuum-baked. Any water released at elevated
temperature can then react with metals or graphite to produce gzaseous hydro-

gen, which can then reduce PbF» by the reaction:

PbFy + Ho = Pb + 2 HF
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reaction:

It is also possible that pure

of AlF3 will probably not move the
diagram. This is not the case for
al. [45]. From experimental data,
PbFy at 988 K was 66% PbF,, 25% Pb

Using an HF atmosphere forces the reaction to the left, preventing decomposi-
tion of the PbFy. An HF atmosphere may also discourage oxygen incorporation

from water adsorbed onto the surface of the starting material by the

PbFy + Hp0 = PbO + 2 HWF

materials could vaporize incongruently.

AlFq sublimes to form a gas of AlF3 and Al;Fg molecules, so the evaporation

melt off the PbFy~AlFy pseudobinary phase
evaporation of PbFy according to Kmbov et
they found that the vapor composition over

and 2% PbF. The value they derived for

the partial pressure of Pb over the PbFy melt is greater than that indicated

by the CRC handbook for Pb vapor over pure molten Pb. Thus they are

describing a process of evaporation of PbFy which leads to volatile PbF and

PbF4 gases, and the condensation of Pb liquid droplets. As the heavy Pb i
droplets eventually fall into the melt, the melt becomes Pb-rich.

An HF environment would discourage Pb enrichment of the melt in this
case by reacting with the gaseous Pb to form PbF, then PbF, before it had a f
chance to condense into Pb droplets. '
Potential reactions in the synthesis system which could be important

include:

P

A. Reduction Reactions from Oxides
l. A1203 + 3C = 2A1 + 3CO
2. PbO + C = Pb + CO .

B. Hyo0 Erosion/Contamination Reactions .
l. 2AlF3 + 3Hp0 = Al503 + HHF
2. PbFy + HyO = PbO + 2HF
3. C+ Hy0 = CO + Hy

forward reaction favored s

reverse reaction favored

Some nther findings included:

A. Routes to Pb contamination at 1200°K:
L. PHZO/szF > 40 leading to the formation of molten Pho,

which will then reduce to Pb if it comes i1 contact with

graphite.




2. PHZ/PHF > 5 x 10718 allowing PbFy to reduce directly to Pb
+ HF. Since the natural composition of the atmosphere is 0.5
ppa (5 x 10=7) Hyp which diffuses easily through most \
materials, slow decomposition of the PbFy by this route is '
hard to avoid. Breakdown of H20 to Hy by the hot Ti used in :
the Argon purification system or graphite can considerably

expedite this process.

B. Oxidation Reactions at 1200°C:

1. As mentioned above, PbFp » PbO for PHZO/PzﬂF > 40.

2. ALFy > Aly03 for Py,o/P2yp > 0.4, although the kinetics
will be more sluggish since both are in the solid phase.

3. The presence of 0y by itself should not lead to AljO3 or PbO
formation, although oxygen is likely to be soluble in the 3
fluorides.

4, At all elevated temperatures: 3Pb0 + 2 AlF3 » Alj03 + 3PbF; is
thermodynamically favored.

c. Action of Ti Furnace:
l. Excellent way to remove oxygen from Ar.
2. Decomposes Hy0 to TiO and Hj.
3. Cooler parts of furnace can lower Hy to ppm range if Ti hasn't

been covered with oxide.

D. Problems with the Container Materials we have used:
1. Nickel furnace tube unsatisfactory since HF atmosphere at the
high temperatures needed for Ph3AljF;; produced NiFy and Hj.
2. Platinum doesn't tolerate contact with liquid Pb, A
3. Our graphite tubes are intrinsicallv nore porous than we had
realized,
4, Without a guard check valve, backflow of Hp0 into th~ HF gas h

cylinder will occur,

E. Materials Purification at 1200°K: "
l. For PHZO/PZHF < 0.4, oxides of Pb and Al should be fluori-

nated.
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2. Free lead is hard to get rid of by fluorination. Would need
Py,/P2yp < 5 x 10718 to fluorinate it.

3. Sublimation can be used to separate the fluorides from Pb and
Al503 which are significantly less volatile. Heating under
vacuum will also drive off hydroxides, excess water, and other
more volatile impurities. PbO unfortunately has similar

volatility as AlF3 and PbFj.

Given the above considerations, the following steps should be taken to
get rid of the free Pb: a) contamination of the starting materials with
adsorbed water must be carefully avoided, b) furnace components should be
baked out before use, and ¢) an HF atmosphere is preferable to an Ar atmos-
phere for fluoride processing at high temperatures but after heating in HF to

the synthesis or growth temperature, argon can be used successfully.

After considering the system thermodynamics as described above, we made
several significant improvements to our experimental procedures and appara-
tus. We started by improving our handling of the starting material powders
to minimize the adsorption of water on their surfaces. We obtained a much
better glove box for storage and handling of our materials. We also now
transport our materials from the glove box to furnace in sealed bags filled

with inert gas.

We have also greatly improved our hydrofluorination furnace (fig. 19
a&b). Since our graphite reactor tube was somewhat porous to begin with and
became more porous when brought into contact with water or oxygen at elevated
temperature, we had to provide an inert atmosphere on the outside to prevent
contaminants from diffusing through it from the ambient atmosphere. A nickel
sleeve with a water-cooled O-ring seal was placed around the graphite tube
and purified argon, at an overpressure of around 100 mm Hg, was passed
between the Ni sleeve and the graphite through a slotted brass conduction
spacer. The gas lines to the furnace were also modified so that the interior
of the graphite tube could be flushed with purified arzon before and after HF
treatment. The argon was purified hy passing it over titanium shavings at a

range of temperatures so that oxvgen, hvdrogen and water vapor were all

-37~
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Fig.

Fig.

19(a): Photograh of hydrofluorination furnace (left) and Ar
purification furnace (right). The HF tank and exhaust
bubblers are in the rear,

FURNACE

WATER CCCLING

BRASS

O-RING

SRASS CCNDUCTICN

19(b): Schematic diagram of one end of new HF synthesis furnace
containing a graphite reaction tube surrounded by a Ni
protection tube between which flows Ti purified argon
through a special brass conduction spacer, HF and/or
argon is used inside the graphite tube during synthesis
or annealing experiments.
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is much less reactive and toxic than the HF atmosphere.

authors.

¢, Crystal Growth

capillary section varving from [-2 mm diameter and 2.3

nucleation and growth was initiated., The crucidle was -
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experiments, most compositions were svnthesized bv fusion

to date was the recognition that during synthesis and zZrowth,

fluorides in a graphite tube furnace heated by SiC elements.

description of these growth experiments are given ian Table 4.

1.2 ¢cm

S D‘\

f._" .~ g

reactions, annealing, or crystal growth can be done in purified argon,

harm. Great care was also taken to avoid introducing contaminants with the

a reactive HF

atmosphere is only needed during initial heat-up. Once at temperature, long

Dumora's [43] work. Table 2 and 3 give the x~ray diffraction results of
pressed pellets of various compositions heated for 48 hours in either HF or

in sealed tubes at 800°C and 500°C respectively. The x-ray pattern for the

The composiiton of this phase therefore must be PbAlFg by conservation of

were not run under ideal conditions, purity, etc. Also verified in these

experiments was the existence of the PbgAl,Fy,4 phase reported by the same

Early in the program, before the detailed thermodynamic analvsis was
undertaken, a series of experiments were run to determine the possible
problems which might be encountered during the crvstal growth of the lead

aluminum fluoride compounds described by Shore and Wanklyn and Ravez. A

In these

L

of the Sinary
An hvdrous HF

gas flowed over the sample which was held in a vitreous carbon bhoat.

The fused samples were then transferred to an ATJ grade cvlindrical
graphite crucible containing a conical bottom which terminated in a tapered

cm in length in which

diameter and

removed before they had a chance to do the graphite tube or the fluorides any

vitreous carbon boats which contained the fluorides. These were vacuum—-baked

between runs and stored and transported in a manner similar to the fluorides.

An important result of our thermodynamic analysis and experimental work

which

Some preliminary experiments were performed to verify some of Ravez and

50% composition reacted at 500°C in a sealed tube showed only a single phase.

mass considerations, validating the work of [43]. These experiments however




TABLE 2

X-ray Analysis of Samples Synthesized in HF at 800°C

Mole 7% PbFy: 50 53 58 60 62 67

Phases Found: F+AlF4 F+AlFy F+PbF, F+PbFy F+PbFy F+PbF9y

(F = PbjAl;Fjp or PbALFs)

TABLE 3

X-ray Analysis of Samples Synthesized at 500°C in a Sealed Tube

Mole % PbFy: 40 46 50 56 60

Phases Found: F+AlF4 F+AlFy F F+PbgAl) F+PbgAl,

(F = PbAlFg or PbjAlFjj, PbgAly = Pbgdl,Fjy)
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Fig. 20: Cross-sectioned slice from Pb3AljFj7 boule #6 (Table 4).
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TABLE

Tarlv Tertical 3ridgman Zxperiments nn the Srowtd f Lead Aluminum Fluoride

Grosch Melt Composition “ple Groweh Conditions* 3T/dx Results
Experimenc # Synches1s ‘echod _owering ace “ax. “urnace Tamp. (°C/cm) Jenerai “ommencs ¢-ray diffraction Malysis
t 30 5 mvhr 700°C 2% Ixcesgive mass loss juring bottan: 2brAlsFyp + PhgAlyFag
ALFy + PbF2 00°7 in F synthesis, Joule transparent top: AlFy + PbiAlsfyo N
at bottam ad Zop. )
2 33 0.5 mvhr T00°C 24 25X% less material loss in sy botzom: PAlsFy g
AlFy + ?9F 300°C in HF cthesis. 3oule transparenc it top: AlFy = Pbadl,f»
bottan - opagque “hite at top
la 50 1 mvhr T00°C 2% Similar zo above bottam: brAlaFyy « Phgalafay
AlFy + PbF; 300°C in HF top: ALFy + PbiAl)F) 2
3b 60 | o/hr 700°C 24 Larger transparent region it bottam: 2byAlyf s + PhyAloFay
pregrown for 3a botzom top: AlF3 + PbalsFy o
4 67 0.5 m/hr 700°C 2 No opaque “hite region at top. entire baule:
AlFy + PbF; 300°C in HF Zutectic structure in middle. PbiALF] 7 + PhgalaFyy,
62 0.5 om/hr 700°C 24 Translucent bottam. Top 5 mm  bottom: Phalsd)p
5 AlFy + PbF; 300°C in HF opaque transparent surface, middle: PbyAlaFyo + PhydloFy,
milky center. top: AlFy + PiAlafy )
6 58 0.5 om/hr 7n00°c 2 Larger opaque white region bottom: PbiAlsFy g
AlFy + PbFy 300°C in HF (See fig. 20) middle: PbyAlsF)g + PhgalaFay,
top: ALFq + Pbaalafyo
7 70 0.5 m/hr 700°C 24 Ybst of the boule is milky. PbrAl,F o + PhgAlainy,
AlF; + 25, 800°C in HF s 0T
8 73 0.5 m/hr 700°C 2 Vost of che boule is milky with entire baule:
AlFy + PbF, 300°C in 4F ?b droplets at rim of too. PbrAlaFy o + PbgAlafy,
58 0.5 m/hr 300°C 24 3ouie transmarent o Sottam, Phaalsify g + PhoAlaFay
9 ALFy ~ ?bF, 350°C in HF opaque -hite it -op. Tiddle: ?HAlqF5 = PAlaisy
top: AlFqy + PbaAlaFy)
10 50 0.75 mm/hr R00°C 39 3ottam 2/3 portion translu-
ALFy = 2bF 350°C in &F cent, <op white § ‘rochy
1 50 0.75 mvhr 300°C 39 3oule wwstlv cransiucent,
AlFy = 2bFy 350°C in FF smll -ransparent section at
bcetom.
12 ) .75 mm/he 350°¢ 19 e side of Soule transiucent,
ALFj + PhF 350°C in 4F other -ulkv,
13 A 7.5 mshe 350°C 2 3ouie -wstly “ranslicent, ‘o
ALFy = 25F> 3%)°C in #F larze Jrans.
14 _ A) 0.5 mvhr 3P 20 3lack coating Hn Houle -
NH,F 2 F aded to rowch oour malitv.
15 40 7.5 m/he 450°7 20 oule W0stlv zransiucent e
“oxide ‘ree’ PbF+ (ferac) « »or sotical wality,
twice suplimed AlFq
16 A .5 =m/hr 450°, 37 ST resuit oObtained,  Tean

“oxice free’ Pbf, (Cerac) «

twice sublimed ALFq

1T W0CI M "t twked Larder
Frucsman coethle (ee r{g.05)

* (Graphite fridgran cneible srade nltrwarton "F=i5, /27 (D zarenxd sxcent Yoo tn 33T DD, surttiad A0 owver ot TLosoorxe,
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4 cm long above the tapered region. The crucible was covered with a threaded
1id and suspended in the furnace on a PT wire. It was lowered through the
Kanthal resistance furnace in which purified argon flowed at a rate of 3
ft3/hr. The typical axial temperature gradient at the growth interface was
about 25°C/cm. Various compositions and growth rates were used. Many of the
boules had large transparent or translucent regions, but cracking and
polycrystallinity were often present along with other defects such as inclu-
sions, (voids and free lead) eutectically solidified regions, and other
multiphase regions as shown in fig. 20. The exact structures and quality

depended upon the exact growth conditions, starting composition and purity,

etc.

A significant problem we repeatedly encountered when working with lead
fluoride/aluminum fluoride melts was segregation of solid AlF3 to the top of
the melt. The AlF3 solid in AlF3j-rich melts formed a slush at the melt
surface and contained numerous bubbles which persisted up to 900°C, the
maximum temperature used in these experiments. This phenomena not only
prevented us from obtaining homogeneous melts at compositions above
approximately 35 mole percent aluminum fluoride but shifted the melt
composition in the region of the growth interface toward the eutectic
composition. At compositions around 40 mole percent AlF3, large (0.5 cc)
crystals of AlFq with negligible PbFy content were found at the top of the
melt during vertical Bridgman growth, but these were cracked by AlFjy's

ferroelastic transition at around 450°C.

The presence of inclusions together with severe cracking, which Llimits
the size of crystals which can be cut from the boules, suggested that a major
effort must he focused on purification. Fusion under HF alone did not appear
to be an adequate procedure to reduce moisture-related impurites to
acceptable levels, We therefore tried, in this early phase of the work, a
number of alternative procedures aimed at reducing oxide and hydroxide levels
in the starting materials. These included the use of decomposing teflon to
liberate CF, and C,F;, and distillation in an HF atmosphere. Table 5 shows

the results of fnert gas fusion analysis of various samples bSv Oreyon

e
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TABLE 5

Summary of Inert Gas Fusion Oxvgen Analysis
on Variocusly Treated Samples of PbFy, AlF3, and PbjAlyF))

Code Sample Source Composition Treatment 2!2:7;
AlFy Je M* as received 4.63
PbF, Jo Mo as received 60
PboAlsF o #12 J. M. 54 :46 Reacted in HF .31
PboAl4F| 9 Jeo M. 60.40 Grown Boule #11 for Table 4 34
T-1 PbyAl4F] 2 J. M. 60.40 Reacted in COp-Teflon 1.51
T-2 PbyAl3F) 2 Jo M. 50150 Reacted in COy-Teflon 1.47
31 PbyAlsF o 21 J. M. 60:40 Synthesis in COy-Teflon 1.28
: 3-2 PboAlgFyy 21 J. M. 60:40 Center of boule 1.05
| 3 PbFy Je M. Melted in HF 50
‘ T34 AlF, Je Ma Sublimed in vacuum .98
‘ S-1  PbFy Jo M. Sublimed in HF (sublimate) 1.19
From the
$-2 PbF, Je M. same run  Residue 1.03
53 PbF, Je M. Initial Starting aterial 1.06 )
S AlF, Je M. as received 2.66
Z-1 AlF, Jo M. Sublimed 2x in vacuum 705
Z-2 PbF, Cerac as received 850
Z-3 AlFq Je M. sublimed Ix in vacuum 671
Z~4 AlFq Je M. as received 2.25
Z=5 PhoAlgFy 22 . M. Reacted fram sublimed ALFy + HF 1,04 q
melted PbF, :
7-h PhodAlyFy #23 . Mu& Reacted fram 2x sublimed ALFy = 1.00

Cerac Cerac PbFz




Metallurgical Corporation. From this table one can see that the lowest
oxygen content was obtained by subliming the AlFj (samples Z-1 and Z-3) and
reacting the starting materials together under HF., The oxygen level in the
AlF3 (sample 2-1, Table 5) was measured as 0.7 wt%, and in the PbFy 0.85%.
Since Johnson Matthey "Puratronic” grade AlFj was found to contain 2.25% of
oxygen, the improvement produced by distillation was significant, but the
occurrence of around 1% oxygen in these crystals was still too high for good

quality crystal growth,

Table 6 shows that if the powdered samples were sufficiently exposed to
humidity prior to analysis that one could not determine the effect of care-
ful purification and storage procedures. Although we do not know the actual
starting 09 content in the samples labeled dry, we do know that on exposure

to moist air they gain weight.

The reproducibility of this method for oxygen content was not particu-
larly good as seen from the results for PbF, samples 4 & 5 (Table 6) which
were duplicate samples from the same source, Handling procedures just prior

to analysis may be responsible here also.

From the results in Table 4, it can be seen that the best crystals were
obtained using the steepest gradient, the larger Bridgman crucible, twice-
sublimed AlFq and 60 to 63 mole percent PbFp. The purification method which
worked best for these runs was to sublime the AlF3 (thus separating it from
alumina and aluminum hydroxide), then reacting the AlF3 together with “low
moisture content”™ PbF; under a flowing HF atmosphere. Reactions done with
decomposing teflon and NH4F+HF did not appear as effective as the above
procedure for PbFy + AlFj melts, although an extensive evaluation was not

nade.,

We were able to obtain a large, reasonably transparent crystal of lead
aluminum fluoride from a section of bhoule No. 16 zrown from a melt with a
Pb3AlroF)7 composition. The vertical and horizontal cross-sections of the
boule given in fig. 21 show large grains, cracks and compositional and struc-
tural charges along the boule axis, The slice is 4 mm thick. As mentioned

before, the starting materials for the houle were reacted under an HF envi-
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TABLE 6

Effect of Intentional Exposure to Atmospheric Moisture
on the Inert Gas Fusion Oxygen and Hydrogen Analysis of PbF and AlFjy

Sample # Material Ho(wt?) 09(wt?)
1 Dry ALFy* 0.1876 0.847
2 Wet AlF3** 0.1690 0.910
3 Dry PbF,* 0.0002 0.138
4 Dry PbF,* 0.0002 0.081
5 Wet PbFz** 0.0006 0.064
6 PbFy+Al,04 0.0003 0.522

(0p wt% = 0.460)
* Purified & stored in dry box prior to sending for analysis

** Intentionally exposed to atmospheric moisture before sending
for analysis
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Fig. 21: Sections of a vertical cross—-section of boule #]6#
(Table 4) showing grains, cracks, and other structural

features (mm scale). Slice to right came from boule at position
indicated.

A
Sttt



L R AR B S 8 B .0 248 ol LAR Tk A

ronment, then Zrown by the vertical 3ridgman zechniiue iz a1 zrapnite crucidla
under Zlowing argon. Closer examinaction of the appar2ntlv clear sections
showed some complex multiphase morphologv as can be seen in Zig. 22. This
struczure, which becomes more pronounced under cross—-polarized light, was
thought initially to be a ferrvelectric domain struccur2, bSut iz did not
dissappear at temperatures above the reported transi-ion :za2mperature, Iz
seenms unlikelv, therefore, that it is a domain struczurs unless the Curie
temperature for this sample is above that reported. Dielectric measurements
as a function of temperature are planned to resolve this question., Iz is
possible that the structure results from the presence of mulziple phases
which mav be closely related in composition. Oxvgen contamination =mav plav a

role also. Samples heated above 300°C turned brown.

.

Other features in this and other boules indicated phase relations duriag
growth that cannot be explained by a pseudo-binary svstem in equilibrium.
Some of the smaller grains growing in from the crucible sides had Pb
streamers tunning through them (see fig. 23) and thera wer2 large zrains of
AlFq at the top of the boule as can be seen in fig. 24 which shows a polished
sectzion of the boule top at a slant and obliquely liz. Therz were also somne
unusual lead Zluoride-rich eutactic inclusions in the aiddle of the bSoula,
suggesting ianterface breakdown or the lack of a well defined iaterfaca2

creatad by having a slush (solid - liquid phase) rather than i homogeneous

melt. The presence of the aluminum fluoride grains would de =xpected Iron
the Shore and Wanklyn phase diagram (fig 17) at composi:zisns containing less

than about n3% PbFy. 1t should be the first phase to crvstallize during

solidificatinn of the melt and should form at the Hot:zorm »f =he

¥
2]
s
g
t
3
e v o Tataa

- -

ampoule, 123 occurrence at the 2> surface »f the bSouls was theralore
the

- a

surprising. 7Jne possibilitvy is tha:z AlFqy floats 5 the surface alzac it
nucleates due to the large densi:zv difference between ALF3'2.38 3zm/c2) and

?9Fs (3.24 zm cc). The formation of AlTy should, howevar, be avoided by

3
9’ i

. -

using a melt composizion richer in PYF~ so chat crvszallizazion of 293

(9%}
b
' -
[
L3
p

would occur dir=2ctiv from the mels as shown in fig., !'7, Howevar, sone
N 2 ’

A N % h WA Y SR ..

praliminary experiments did not sive the Jesired resualzs Thas showing ke

imporzance of resolving the dezails of the phase diigram

-
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Fig. 22: Optical microscope photograph )
of unidentified structural
features in otherwise clear
section of PbjAlyFy crystal.

Fig. 23: Pb inclusions growing from
carbon crucible wall.
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Fig. 24:

Fig. 25:

Segregation of AlF3 at top of a typical boule of
Pb3AlpF] .
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Transparent piece of boule #16 upon which property
measurements were made,
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As mentioned praviously, we hope to prevent the Zormation of free lead
by using better starting material purification methods combined with improved
materials handling techniques and improved atmosphere control during the
reaction and growth steps. Since we started working on the PbFy-AlF3 systenm,
we made major improvements including the Vacuum Atmospheres glove box,
improved the HF synthesis furnace, modification of our DTA set—-up to run with
graphite sample holders with tight fitting lids, and will soon start
construction of an improved growth furnace. A sealed system may be required
both for long-term annealing experiments planned for part of the phase
equilibria studies and during growth with lead containing fluoride melts to
prevent incongruent vaporization. It was necessary to understand the cause
of lead formation before sealing our samples, i.e., Pt or Au, because plati-
num or gold in contact with lead form alloys which melt below our operating

temperatures,

Using the new improved HF furnace, 48 hour sintering annealing experi-
ments were carried out with 50:50 and 60:40 atomic precent lead fluoride/
aluminum fluoride waixtures. These were done in an HF environment during the
heating portion of the cvcle to counteract contaminants that amight have been
resident on the furnace walls, inadvertently introduced during handling, or
present in the source materials, which were not purified. Two annealing
temperatures wera used, 330 and 620°C. The samples were then analyzed by
studying their x-ray diffraction pacterns. The samples annealed at 3550° did
not appear to reach equilibrium in 48 hours, while those annealad at A20° did
(for these two compositions). In all cases there was weight loss of 1-2%.
These oreliminary results seem to confirm that at least under these condi-
tions the stoichiometrv »f the intermediate lead aluminum fluoride compound
has the 90:40 composition instead of or possiblv in additcion to the 30:30
phase found by Ravez et al. Since the 40:40 structure belongs to a family
which is also g2nerally ferroelectric, and may bSe what Ravez et al. measurad,
this does not represent a serious problem, More extensive exXperiments under
a variety »f conditions will »e carried out to ellucidate what {s actually

going on in this system.
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d. Propertv Measurements

A transparent section from boule No. 16 as shown in fig., 25 was iavesti-

gated Sv a number of techniques including optical microscopy, x-ray lLaue
analvsis, and optical absorption spectroscopv. A few small voids can be seen
in the snotograph in £ig. 25 and the "domain-like" structure descrided
earliar can be observed easily in this sample in zross-polarized light. The
isogvre pattern revealed under polarized light normal to the polished surface
is shown in fig. 26 and indicates that this crystal 3Zrew with its c-axis very
near to the boule axis (normal to the polished face). The well-formed iso-
gyre pattern suggests that the crvstal is of reasonably zood optical quality
without nuch strain, in spite of the "domain-like” structure present. The
crystal quality and the c—axis orientation can also be observed in the bdack-
reflection x-ray Laue photograph shown in fig. 27 where the four Zold symme-

tty is clearly evident.

Density measurements were nade on the above specimen using Avogadro's
princiole, i.e. finding the sample volume by izs fluid displacement. Xero-
sine was used in these =2xXperiments. A value > 5.n4 Im/cc was neasurad whic
conparas well with Shore and Wanxlvn's [27! axoerimental value 37 5.7 for
the 253AL,F)~» phase. Our value may bde off scmewhat iue zo the rough sample
surfaces bdut is much closer zo {27! then =5 the 25alF3; ohase »f Ravez and
Dumora [43] who's values of 5.956 (calculated) iand 5.3: {experimencal) ars
very low by comparison., This is an important siece Of information zeanding to

confira the existence of 2b1AljFy> phase and the :omoosizion 2% >ur sample.

e,

Optical absorption measurements were nade in che UV-visiole region with
a Parkin-Zlmer spectropnotomes2r and the 12 =measurz2m2nts wizn an I3 FTIR

The conmbined data is ziven in the transmission

v
2,
PV

ength polot »»f fFig.
29, The long wavelength edge begins at about A _1 and zers -ransmistance
occurs 1z about 9 um. The short wavalengzh edza was Zound o e at J.2% .m.
This bSroad transparency range s tvpical 3¢ flucride arvstals 2537~, for
2xample, is ftransparent from 1,29 to (1.4 n.  S2v2ril small 19soration teaks
were onserved neir 2.7 and » .m and ar2 propabls e o Honad o oand also

adsorted H-0 on the crvstal surface,
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Fig. 26: Conoscopic figure taken in the direction perpendicular
to the face shown in fig. 25. Viewing direction is
down the growth axis,

Fig. 27: Back-reflection Laue photograph of sample in fig. 25
showing four-fold symmetry in growth direction.
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Fiz. 28: Relative spectral transmittance of lead aluminum
fluoride crystal. Some small absorption peaks,
probably associated with bound and adsorbed 470,
can also he seen,
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Dielectric constant measurements on this crvstal zava a value of around

1800, and changed only slowly with temperature,.

Iv. FUTURE PLANS

Under a separate contract we should, during the next vear, conclusively
identify the compounds which form in the PbFy-AlFq system and their thermody-
namic properties, and also have significant results in the PbFy-GaFj phase
diagram. A technique is now being employed using purified materials in
covered graphite DTA crucibles and occasionally hermetically sealed platinum
capsules. Long-term annealing and differeantial thermal analysis work can be
carried out without significant component logs or contamination from the
environment by this method. Dr. Newkirk at the Lawrence Livermore Laborator-
ies has been helping us with some supplies and equipment in this phase of the

project.

We also have designed and will soon construct an improved Bridgman
crvstal growth system using the insight and knowledge we have gained from our
thermodynamic systems analysis and our %“nowledge of the phase fields present
in this system. Our understanding of the thermodynamic stability of the
compounds of interest as well as their interaction with the enviroament
around them should lead to significantly improved results and large high
quality single cryvstals. The crystals produced will he characterized in
detail with particular emphasis on their composition, structure, homogeneity,

and cheir ferroelectric properties.

v. CONCLUSIONS

Juring the course of this favestigation, crystals of ScTady;, ScNbO,,
SrAlfs, PbyalsFys (PbAlFg), BaTiny, and SryBa]_-.TiO3 solid solutions were
Zrown. The ScTal; crystals grown {n this program were of a previously undis-
covered high temperature tetragonal phase and high quality BaTiOj produced.
Larze crystals of SralFs were grown by the Bridgman method, but the material
lacks a high dielectric constant at -m wave frequencies and studies on this
material were not pursued. A more promising matz2rial, a compound in the

PbFo~ALlFq svstem, became the focus nf our attention during the later part of

this program. 1A large crystal of a compound now believed to be PbyAlsF)p was




grown and some of its properties measured. This and osther crystals of this

material contained optical inhomogeneities however, and the resulting

microstructure may have resulted from the presence of more than one PbFy-AlF;

phase or oxygen contamination. Thermodynamic studies and crystal growth of

compositions in the PbFy—AlF43 and PbFy~GaF3 systems are proceeding (under a

new ONR contract) using improved techniques to minimize contamination, and

considerable insight into the requirements for the growth of high quality

lead aluminum fluoride crystals has been gained.

VI.
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